ABSTRACT: Chitosan phenylcarbamate (CtsPC) samples were synthesized to have different degrees of substitution (DS) ranging from 2.3 to 3.5, and their lyotropic liquid crystallinity in ionic liquids was investigated. 1-Ethyl-3-methylimidazolium dicyanamide ([C2Mim][N(CN)2]) was found to be a novel solvent for CtsPC, and the concentrated lyotropic system formed a cholesteric liquid-crystalline phase and mostly exhibited vivid colorations due to selective reflection of visible light. Ultraviolet-visible-near-infrared spectroscopy and wide-angle X-ray diffractometry were conducted for evaluating the maximum wavelength of the selective light reflection, and the distance and azimuth difference between adjacent nematic thin layers in the cholesteric mesophase, respectively. 
INTRODUCTION
A large number of cellulosics as polymer molecule and even cellulose microfibrils (nanocrystallites) are capable of forming an optically anisotropic mesophase in various solvents because of the inherent semi-rigidity and chirality in the carbohydrate backbone. [1] [2] [3] The supermolecular structure in the mesophase is usually of a cholesteric (or chiral nematic) type, with possible exceptions such as a columnar type found for thermotropic cellulose trialkanoates. 4 Although there remain unresolved problems concerning the correlation between their molecular structure and the liquid-crystalline phase structure, the general feature of the mesomorphic assembly of cellulosics seems to be firmly established.
poly(ethylene oxide) side-chains have been pursued. 22 Moreover, a lithium ion battery made up of a polymer gel of cellulose derivative/poly(ethylene glycol)dimethacrylate has been reported to show a practical level of ionic conductivity. 23 These examples raise the possibility that ILs would serve as direct solvents for lyotropic liquid crystals of polysaccharide derivatives, and that such lyotropics should be used as novel devices responding to external stimuli (e.g. light, electric field, etc.). To the authors' knowledge, however, no work has been reported on the explicit liquid-crystalline phase behavior and related functionalities of chitin or chitosan derivatives in ILs as specific fluid media.
In the present paper, we examined a series of CtsPC samples for observation of a clear mesophase formation in imidazolium salts. In continuation of our study on the molecular modification and liquid crystallinity of chitosan, we aimed at elucidating the possible cholesteric ordering and ensuing optical properties of CtsPC lyotropics in relation to the molecular parameters such as DS as well as to the surrounding conditions including polymer concentration, temperature, and solvent composition.
EXPERIMENTAL PROCEDURE
Materials. Chitosan materials, lot HF-1 (Mv = 1.06 × 10 5 ) and HC-2W (Mv = 1.46 × 10 5 )
Measurements.
An ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrometer (HITACHI U-4100) equipped with a thermo-regulated cell-holder was used to determine selective light-reflection bands. Circular dichroism (CD) and optical rotatory dispersion (ORD) measurements were conducted with a Jasco J-820DH spectropolarimeter to examine the handedness of the cholesteric helical structure. CD spectra were also utilized to determine the selective light-reflection bands, in the case where the corresponding signal in UV-Vis-NIR spectra was too small to detect the maximum reflective wavelength. An
Olympus polarized optical microscope (POM) (BX60F5) was utilized to verify the optical anisotropy of concentrated solutions, and also to observe a fingerprint pattern for cholesteric liquid crystals of a relatively long pitch. Refractive index measurements were carried out using an Abbé refractometer equipped with a thermo-regulated stage and a polarizer rotatable over the eyepiece.
The distance and an angular difference of rotation between adjacent thin layers in the cholesteric structure were estimated with the aid of wide-angle X-ray diffractometry (WAXD). The WAXD measurements were carried out at 25 °C using a Rigaku Ultima IV in a reflection mode. Nickel-filtered Cu Kα radiation was used at 40 kV and 40 mA. Fluid samples were relaxed for at least 24 h in a copper sample holder of 0.5 mm high, and subsequently the diffraction intensity profiles were collected in a range of 2θ = 3−20°.
Synthesis and Characterization of Chitosan Phenylcarbamate. The procedure for synthesis and characterization of CtsPC was almost the same as that described in the preceding paper. 16 In brief, PhI (7.5-15 equiv/glucosamine unit) was added to a chitosan/DMAc suspension (polymer conc., 3 wt %) in a flask under a dry N2 atmosphere. DPs is defined as the average degree of phenylcarbamoyl polyaddition for the modified sites of the possible four. 16 The structural parameters evaluated for the CtsPC samples used are summarized in Table 1 , where CtsPC of DS = x is encoded as CtsPCx.
<<Table 1>> Solubility of CtsPC in Ionic Liquids. For the present CtsPC lyotropic system, the practically important cholesteric pitch (P) was evaluated for the explicit dependence on the three variable factors; polymer concentration, temperature, and DS. The wavelength (λM) that gives a peak maximum of a reflection band can be related to the cholesteric pitch by the de Vries equation
where ñ is an average refractive index of the mesophase. cholesterics will be investigated in the next section.
In the use of the CtsPC products of DS = 2.7-3.0, the reflective coloration of the cholesteric solutions had a stronger monochromaticity and was sensitive to the concentration change; viz., the vivid color moved from the red side to blue side in the spectral array, quite sharply, as the polymer concentration increased (Figure 4 ). This is probably because DS ≈ Figure 7c . In this plot, the steepest decrease of ϕ with increasing DS occurs at DS ≈ 2.8, while the slopes in the ranges of DS < 2.6 and of DS > 3.0 are quite gentle. On the other, the increment in d caused by the DS elevation was, substantially, negligibly small; hence, the distinctive variation of P shown in Figure 5 is attributable to the variation of ϕ. The cholesteric interlayer interaction, possibly associated with a chiral conformation (e.g., helical or twisted form) of the constituent CtsPC chains, would change in strength sensitively responding to the DS variation in the range of 2.6-3.0.
(MS
As a natural assumption, the sharp response of P to surrounding conditions observed for the CtsPC products of DS = 2.7-3.0 can also be ascribed to the definitive ϕ-DS correlativity.
Handedness of Cholesteric Mesophase. CD spectroscopy is a useful tool, providing information about both of the pitch and rotational sense specifying a cholesteric helix. In the present measurements, most of the observed CD signals were so large that their peak top was often out of the measurable range, even when the sample thickness was reduced to 100 µm.
Therefore, those spectra were used principally to determine the handedness of the cholesteric helical structure.
As a result, all of the lyotropics of the CtsPC products in . This makes an utter contrast to the "positive" effect in the use of polar aprotic solvents. 16 It was thus verified that we realized a "right-handed" cholesteric arrangement for the chitin/chitosan-based derivative. However, it is difficult from the above experiments to clarify the reason why the cholesteric helical sense changes depending on solvent species, due to the lack of lucid data linking conformation of the polysaccharide molecules directly to their chiral liquid-crystalline structure. As far as the authors can infer, it may be possible that electric dipole moments of solvents affect that of the urethane-linked phenylcarbamoyl substituents, leading to alteration of some secondary structure of CtsPC molecules and the inverse of cholesteric sense as well.
Inversion of Cholesteric Sense by Changing Solvent Composition. In our previous
work, 16 CtsPC lyotropics with a polar aprotic solvent such as DMF, DMAc, or DMSO always formed a left-handed cholesteric structure. Accordingly, acting on a possibility of observing the inversion of cholesteric sense, we newly prepared solutions of three CtsPCs (DS = 2.72, For the two samples CtsPC3.02/MxS4/6 and CtsPC3.02/MxS6/4, whose CD signals were too weak to rightly determine the cholesteric sense thereby, ORD spectra were also measured as shown in Figure 10b . de Vries formulated wavelength dependence of the optical rotation caused by a cholesteric liquid-crystalline domain, in the following fashion.
where α is the optical rotation per unit length for light of wavelength λ; λM is the maximum wavelength of selective light reflection; ∆n is birefringence of a nematic layer as structural constituent; and the cholesteric pitch P here is taken to be a pseudo-scalar that is positive for a right-handed helix and negative for a left-handed helix. For the case of λ/λM << 1, the above equation reduces to
Therefore, in a wavelength region of λ << λM, it follows that α assumes positive or negative values when the cholesteric sense is right-or left-handed, respectively. 1 Synthetically considering the results of both UV-Vis-NIR and ORD measurements, we can reasonably deduce that CtsPC3.02/MxS4/6 and CtsPC3.02/MxS6/4 formed the left-handed and right-handed arrangements, respectively, of cholesteric architecture.
<<Figure 10>>
The other two series, CtsPC2.72/MxS and CtsPC3.51/MxS lyotropics, were also examined for the chiroptical characteristics in the same technical way as that described above. As to the CtsPC3.51/MxS series, P (as pseudo-scalar) was quantified only for three compositions of The result of the present work could serve as an experimental data useful for future studies including theoretical or computational analyses on the liquid-crystalline and molecular structures of polysaccharide derivatives.
In Figure 11 , The sample thickness is ~100 µm. 
